ABSTRACT ABSTRACT ABSTRACT ABSTRACT. A novel method has been developed for the synthesis of CdS nanocrystals (NCs) using thioglycolic acid (TGA) as a sulfur source and stabilizer with the presence of hydrogen peroxide in an aqueous medium. The products were characterized by X-ray powder diffraction (XRD), transmission electron microscopy (TEM) and Fourier transform infrared (FTIR) spectroscopy. The results indicate that the product was of zincblend crystal structure in a sphere-like shape. The room-temperature luminescence spectra revealed that the emission peak of CdS NCs prepared in relatively short refluxing times (10-120 min) could be tuned from 518 nm to 610 nm, and the photoluminescence quantum yield of the as-prepared CdS NCs could reach as high as 12.6%. In addition, the mechanism of the CdS nanocrystals formation was preliminarily discussed.
INTRODUCTION
CdS nanocrystals (NCs) have gained significant attention in the past decade because of their unique optical properties, and extensive researches have been focused on the synthesis of CdS NCs [1] [2] [3] [4] . Based on these researches, the synthesis of CdS NCs can be summarized in three methods according to their chemical routes, the first is the nonaqueous trioctyl phosphine/trioctyl phosphine oxide (TOP/TOPO) technique, the second is the reverse micelle method, and the third is using different thiols as stabilizing agents in aqueous solution. The most popular route for the synthesis of high quality CdS NCs is the nonaqueous technique, which was originated by Murray [1] and developed by Peng [2] . However, a further process is needed for the CdS NCs used in a biological system due to as-prepared CdS NCs often dispersing in nonpolar organic solvents. The water-soluble CdS NCs were prepared in an aqueous solution using thiols as stabilizing agents, which was first reported by Weller's group [4] . Up to now, many methods for preparing CdS NCs in an aqueous solution have been developed [5] [6] [7] [8] . Of them, sodium sulfide [9] , thiourea [10] and thioacetamide [11] were often used as sulfur sources. In this report, a novel method has been developed for the synthesis of CdS NCs using thioglycolic acid (TGA) as a sulfur source and stabilizer with the presence of hydrogen peroxide in an aqueous environment.
EXPERIMENTAL

Materials
Cadmium chloride hemidihydrate (99%), thioglycolic acid (TGA, 90%), hydrogen peroxide (30%) and sodium hydroxide (96%) were obtained from Sinopharm Chemical Reagent Co. Ltd. (China). All chemicals were used as received; doubly deionized water was used throughout the experiments.
Methods
Synthesis of cadmium sulfide. The preparation of CdS nanocrystals was carried out in a 250 mL three-necked flask. 100 mL of 0.02 M CdCl 2 ·2.5H 2 O was initially added into the flask, then 1.0 mL thioglycolic acid was introduced under stirring, and the pH was adjusted to 12.00 using 1.0 M NaOH. After the solution was agitated for 10 min, 0.3 mL of 30% H 2 O 2 was added drop wisely into the flask. The reaction mixture was refluxed at 100
o C under open-air condition, an aliquot of sample was taken out at different times during the reflux.
Characterization. The transmission electron microscopy (TEM) and high-resolution transmission electron microscope (HRTEM) images were performed with a JEM-3010 electron microscope. (JEOL, Japan). X-ray powder diffraction (XRD) was performed using a Rigaku D/max 2500V diffractometer (Rigaku，Japan) equipped with a Cu target. Fourier transform infrared (FTIR) spectra were recorded on a Nexus-470 spectrometer (Nicolet, USA). Photoluminescence measurement was conducted on a RF-5301PC spectrophotometer (Shimadzu，Japan). Absorption spectra were recorded on a UV-2102 spectrometer (Unico (Shanghai), China).
Measurement of quantum yields. The quantum yield (QY) of CdS NCs was measured according to the method described in Ref. [12] , briefly, rhodamine6G was chosen as a reference standard (QY = 95%, in ethanol), the absorbance for the standard and the CdS NCs samples at the excitation wavelength and the fluorescence spectra of the same solutions were measured, respectively. The expression to calculate quantum yield is provided as following:
where the subscripts s and u denote standard (such as rhodamine 6G) and test samples, respectively, Y is quantum yield, F is the integrated emission peak area, and A is the absorbance at excitation wavelength. The excitation wavelength for measurements of the QY was set at 365 nm.
RESULTS AND DISCUSSION
X-ray diffraction analysis
The powder XRD pattern of CdS NCs refluxed for 2 hours is presented in Figure 1 . The results of XRD pattern reveal that the product is well crystallized since the diffraction peaks were strong and sharp. Moreover, three typical distinct features of the zinc-blende structure can be distinguished: the one at 2θ = 26.43°is due to the (111) reflection, and the other two appearing at 2θ = 43.84°and 51.96°result from the (220) and (311) The average size of the CdS NCs was estimated by the Debye-Scherrer formula, and the diameter is about 3.6 nm, which demonstrates that the product is a real nanocrystal.
Fourier transform infrared spectroscopy analysis
To further confirm the formation of CdS NCs and investigate the interaction between TGA and CdS NCs, the FTIR spectrometry was measured. As shown in Figure 2 , a broad absorption band around 3400 cm -1 is assigned to O-H vibration of the absorbed H 2 O. An absorption band due to S-H vibration at 2560 cm -1 is absent. The characteristic absorption band of C=O vibration shifts from 1700 cm -1 to 1556 cm -1 . Therefore, these results strongly suggest that the thiol groups of TGA coordinate with Cd 2+ ions on the NCs surface, and the hydrophilic hydroxyl groups face outward, making NCs water-soluble. Figure 3A shows the TEM image of CdS NCs synthesized for 120 min. The TEM image confirmed that the size distribution of the as-synthesized CdS NCs were nearly monodisperse with the average size of about 5.0 nm, which is in accordance with the diameter calculated by Debye-Scherrer formula. The existence of lattice planes on the HRTEM (Figure 3B ) disclosed the good crystallinity of the CdS NCs. 
Transmission electron microscopy analysis
Optical properties analysis
It is well known that bulk CdS started to absorb the light of wavelength of about 515 nm. With the decrease of the size of CdS particle, the absorption threshold shifts to shorter wavelengths as a result of quantum confinement effect [13] . Figure 4A presents the UV-Vis absorption spectra of CdS NCs taken at different refluxing times (15 min and 120 min, respectively). It can be seen that the wavelength of the absorption onset of the two samples is at around 370 nm and 410 nm, respectively. As expected, the absorbance edge of CdS NCs is blue shifted relative to that of bulk CdS at 515 nm [14] , and the size of CdS NCs increases with the increase of refluxing time.
The investigation demonstrated the photoluminescence spectra of semiconductor nanocrystals originated from electrons in the conduction band, excitonic states and trap states [15] [16] [17] . In the case of CdS NCs, it was reported [18, 19] that the high energy emission band (350-500 nm) was due to the radiative recombination of free charge carriers or excitonic fluorescence while low energy PL peak (500-700 nm) was attributed to the recombination of charge carriers in deep traps of surface defect states. As seen in Figure 4B , in our experiment, the emission peaks of the two CdS NCs samples are located at 518 nm and 610 nm, respectively, which present some blue-shift compared to bulk CdS at 650 nm [20] . It is obvious that the recombination of charge carriers in deep traps of surface defect states is responsible for the observed PL spectra. With the increase of refluxing time, the peak position is red-shifted and the particle size is increased, which is in agreement with the red-shift of absorption band edge ( Figure 4A ). The room temperature photoluminescence quantum yields for samples (a) and (b) are 12.6% and 1.1%, respectively, almost comparable to the CdS NCs prepared by an organometallic route [21] . Moreover, the CdS NCs are very stable in the dark at low temperature. After the sample was kept in a refrigerator for 30 days, its photoluminescence spectra almost had no change, and no obvious precipitates were observed. 
Mechanism of the CdS NCs formation
Based on the above results, the following mechanism is proposed to explain the formation of CdS NCs. First, in strong alkaline condition, Cd 2+ ions were coordinated with TGA to form cadmium thiol complexes. Because the TGA was excessive, after the addition of H 2 
CONCLUSIONS
In summary, a novel method has been developed first time to synthesize CdS NCs using TGA as a sulfur source and stabilizer with the presence of hydrogen peroxide in aqueous solution. The obtained CdS NCs have good crystallizability, favorable monodispersity, moderate QY and good stability.
